Growth performance and nitrogen use efficiency of two Populus hybrid clones (P. nigra × P. maximowiczii and P. trichocarpa × P. maximowiczii) in relation to soil depth in a young plantation Dejuan Euring It is a challenge to produce woody crops on marginal land. The goal of this study was to examine growth responses and nitrogen use efficiency of different poplar species on shallow soil. Typical biomass poplar clones of Max1 (P. nigra × P. maximowiczii) and H275 (P. trichocarpa × P. maximowiczii) were planted on a marginal site where a gradient in soil depth was present. The growth, biomass production, and nitrogen uptake rate as well as nitrogen use efficiency of Max1 and H275 were determined for three consecutive years. Both poplar clones showed decreased growth and biomass production in the shallow soil. Max1 showed better adaptation to shallow soil with higher survival rate and more biomass production than H275. Max1 had lower nitrogen use efficiency on shallow soil than H275. The results suggest that higher nitrogen uptake of poplar species might be an important adaptation to maintain productivity under unfavorable soil conditions. Keywords: Biomass, Nitrogen Use Efficiency, Poplar, Shallow Soil
Introduction
Woody biomass is considered as a sustainable alternative source of energy for fossil fuels (Pleguezuelo et al. 2015) . Short rotation woody crops such as poplar trees (Populus spp.) are well suited for woody biomass production because they are highly productive and can be managed using agronomic techniques (Kauter et al. 2003) . To avoid competition for fertile land with food production, poplar plantations are expected to be established on marginal land which is less suitable for agriculture because of limited water and nutrient availability (Shortall 2013) . Since the productivity of a poplar plantation depends on the proper selection of genotypes (Zalesny et al. 2011) , research is needed to identify poplar cultivars with high survival rates, high biomass productivity and high disease resistance for cultivation on marginal soil ).
Shallow soil with limited rooting depth, low drainage and high stone content are typical features of marginal land (Jiang et al. 2014) . Rooting depth is an important determinant for the successful establishment and production of woody biomass (Burgess et al. 2015) . N storage and cycling are vital processes for growth, adaptation and productivity of poplar trees (Millard & Grelet 2010) . N storage and remobilization are particularly important to meet the N demand of forest trees for continuous growth (Rennenberg et al. 2010) . Poplar species differ in the way they take up and assimilate N (Luo et al. 2013 , Gan et al. 2015 , which may impact their competitive ability for soil nutrients and resistance to environmental stresses (Castro-Rodríguez et al. 2015 , Molina-Rueda & Kirby 2015 . Several studies have focused on identifying and quantifying the best management practices to successfully establish hybrid poplar plantations under different nitrogen regimes (Lee & Jose 2003 , Euring et al. 2012 . However, there is little information on how different poplar species cope with shallow soil and whether shallow soil affects nitrogen use efficiency.
In this study, two different poplar clones, Max1 (P. nigra × P. maximowiczii) and H275 (P. trichocarpa × P. maximowiczii), were selected to assess the productivity and nitrogen use efficiency on shallow soil. Max1 and H275 are both commercial poplar clones often used in poplar plantations (Bungart & Hüttl 2004 , Nielsen et al. 2014 ). Here we expected that both poplar clones showed decreased growth and biomass production on shallow than on deep soil. Since Max1 was found to be well growing under drought conditions (Schildbach et al. 2012 ), we hypothesized that (i) clonal differences in adaptation to shallow soil do exist, and that (ii) the clone with higher nitrogen uptake has a greater productivity on shallow soil compared to the clone with lower nitrogen uptake.
To test these hypotheses, a plantation with Max1 and H275 was established on shallow and deep soil, and the performance of both clones was studied for 3 years.
Material and methods

Plant material and site description
Cuttings of fast growing hybrid poplars Max 1 (P. nigra × P. maximowiczii) and H275 (P. trichocarpa × P. maximowiczii) 21cm in length, were planted at the end of March 2011 in a block design (see Fig. S1 in Supplementary material) on a previously unman- 9 .956 E) in Göt-tingen, Germany. Cuttings were planted by inserting the whole length of the cutting into the soil (1 cm underneath the ground surface) with 0.75 × 0.75 m spacing. The plantation was watered just after planting and in August of 2011. Weed control was done by cutting weeds at the end of August in 2011. A soil survey was carried out by drilling a Pürckhauer soil driller (Eijkelkamp, Giesbeek, Netherlands) in a regular grid of 5 × 5 m into the soil and classifying each soil parameter at each point according to the German soil classification system (Ad-Hoc-Arbeitsgruppe 2005). Especially, the height of the Cv-horizon, i.e., the transition zone between the soil solum and the weathered rock with high content of coarse rock fragments was addressed. Soil depth data were digitized and interpolated in a GIS-system (Arc-Info ® version 5.01, Environmental Systems Research Institute, Redlands, California - Fig. 1 ). The N concentrations in the upper layer (0-60 cm) of the deep and shallow soils were similar (0.15 ± 0.04 % g N g -1 dry soil). During the years 2011 to 2014, the mean temperature was 14.9 ± 0.3 °C in Göttingen, total precipitation was 295.6 ± 35.6 mm and sunshine duration was 968 ± 61.40 h in the growth period from April to August (Wetterstation Goettingen 2014). The precipitation in spring (April to Mai) during the time of bud break and the start of the main growth phase were 69 mm in 2012, 160 mm in 2013, and 109 mm in 2014.
Growth and biomass determination
The heights and basal diameters of the shoots were measured at end of the growing season in the year of 2011 and 2012 and before the growing season in 2014 using a meter stick and a digital caliper, respectively.
Seven plants of each species in the deep and shallow soil of the plantation (Fig. 1) were randomly selected for each harvest. Harvests were carried out when the terminal buds of main shoots of poplars had been formed in the years 2012, 2013 and 2014. At harvest, fresh biomass of plant tissues (roots, stems and leaves) was measured. Stems, leaves and roots were ovendried at 60 °C for 3 weeks and weighed to determine dry biomass.
Leaf area determination
Three young and three old leaves were selected for each plant at each harvest to determine the leaf area. The leaves were weighed and scanned together with a ruler, and used to determine the leaf area with the image analysis software Image J ® (NIH, Bethesda, Maryland, USA). The total leaf area was calculated as: total leaf area = leaf area of 6 selected leaves × fresh weight of total leaves / fresh weight of 6 selected leaves. Specific leaf area (SLA) was calculated as: leaf area / leaf dry mass (m 2 g
.
Nitrogen analysis
The leaves used for leaf area determination were pooled and milled. The whole stem (2012, 2013) was cut into small pieces and milled. Stem segments from the bottom of the main stem were milled for plants in 2014. One root including fine roots from each plant was milled. The plant tissues and soil samples were milled to fine powders (MM2 Retsch, Hannover, Germany). About 1 mg (0.7-0.9 mg) of the milled samples were weighed (Sartorius Supermicro S4 ® , Göttingen, Germany) into tin capsules (Hekatech, Wegberg, Germany). Nitrogen concentrations of the samples were determined using the Elemental Analyzer EA1108 ® (Carlo Erba Strumentazione, Rodano, Italy). Acetanilide (10.36% N -Carlo Erba Strumentazione) was used as the standard.
Nitrogen uptake and nitrogen use efficiency
Because leaves are shed in autumn, the annual N uptake rate was calculated without considering the N content in leaves from the previous year (eqn. 1):
Nitrogen use efficiency (NUE) has been defined as the amount of biomass produced per unit of N taken up from the soil. The amount of stem biomass produced per unit of N taken up from the soil is of interest for the calculation of wood nitrogen use efficiency (WNUE).
To determine the annual changes of nitrogen use efficiency for wood biomass production, wood nitrogen use efficiency was calculated as (eqn. 2):
To determine the annual changes of nitrogen use efficiency for the whole plant biomass production, NUE was calculated as (eqn . 3): with (eqn. 4):
and (eqn. 5):
Statistical analyses
Data are means ± SE of 5 or 7 individual plants. To determine differences between treatments, the Student's t-test (α = 0.05) was used. To determine poplar species and soil depth effects, two-way ANOVA was performed and the differences between means were tested using the post-hoc Tukey's HSD test. All analyses were carried out using the software package Origin Pro ® ver. 8 (OriginLab Corporation, Northampton, USA).
Results
Survival, growth and biomass production
The soil depths were 70-100 cm for the deep and 20-50 cm for the shallow soil con-
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iForest 9: 847-854 Nitrogen usage of poplar on shallow soil ditions, respectively (Fig. 1 ). Lower survival of H275 and Max1 was found in the plantation on shallow soil than that on deep soil (Fig. 2 ). H275 showed a lower survival rate than Max1 in all three years on shallow soil (Fig. 2) . After 3 years of planting, the same survival (about 74%) was found in the deep soil for both poplar clones, whereas the survival of H275 (26 %) was lower than that of Max1 (60 %) in the shallow soil (Fig. 2 ). H275 and Max1 showed significant growth decline on shallow soil compared with deep soil (Fig. 3A, Fig. 3B, Fig. 3C ). Height and diameter growth of Max1 was similar to that of H275 in first two years (Fig. 3A, Fig. 3B ). There were no significant differences in height and diameter of H275 and Max1 on deep soil in year 3. However, iForest 9: 847-854 849 ). Different letters in columns indicate significant differences after Student's t-test (p< 0.05). P-values of two-way ANOVA test with factor species (Pspecies), soil depth (Psoil) and the interactions of species and soil depth (Pspecies × soil) are given. Nitrogen usage of poplar on shallow soil the leaf area of Max1 was higher than that of H275 (Fig. 3C ). Max1 was significantly taller and thicker in stem on shallow soil as compared with H275 (Fig. 3A, Fig. 3B ) in the third year. SLA of three-year-old poplar Max1 and H275 was significantly lower for plants on shallow soil than for plants on deep soil (p < 0.01 - Fig. 3D ). SLA of H275 was significantly lower than that of Max1 after 3 years of growth (Fig. 3D) .
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Soil depth was the main factor influencing biomass production of both clones in each year (p < 0.01 - Fig. 4A , Tab. 1). H275 and Max1 produced significant lower stem and total biomass on shallow soil compared with deep soil (Fig. 4A, Tab. 1) . Initially, stem and total biomass production of H275 and Max1 were not significantly different on the same soil conditions. In the third year, Max1 produced significantly more stem and total biomass than H275 on shallow soil (Fig. 4A , Tab. 1). H275 and Max1 had significant higher root:shoot ratio on shallow soil compared with deep soil in second year and third year. H275 had lower root:shoot ratio than Max1 on deep soil; root:shoot ratio was significantly different between H275 and Max1 in the second year (Tab. 1).
N concentration, N uptake and N use efficiency
Poplars on deep soil exhibited significantly higher leaf N concentrations than those of on shallow soil (Tab. 2). Leaf and stem N concentrations of Max1 were significantly higher than those of H275 (Tab. 2). There were no significant differences in N concentrations of roots between Max1 and H275 (Tab. 2). N contents of poplar stems were lower on shallow soil compared with those on deep soil (Fig. 4B ). There were no significant differences between stem N contents of H275 and Max1 on the same soil conditions in the first two years. In the third year, stem N content of Max1 was higher than that of H275 on shallow soil (Fig. 4B) .
Poplars on deep soil had significantly higher N uptake rate than those of on shallow soil (Tab. 3). There were no differences between clones for N uptake in the 2 nd year, but Max1 had significantly higher N uptake rate than H275 in the 3 rd year (Tab. 3). N use efficiency for wood biomass production (WNUE) and for whole plant biomass production (NUE) was lower in H275 and Max1 on the deep soil than in poplars on shallow soil in the 2 nd year ( Fig. 5A and 5B). However, in the 3 rd year, WNUE of both poplar clones on deep soil was higher than on shallow soil (Fig. 5B) ; NUE was similar for H275 on deep and shallow soil but Max1 had lower NUE on shallow soil than on deep soil (Fig. 5B) . No clone differences were found for WNUE and NUE in the second year, but lower nitrogen use efficiency for wood and total biomass production of Max 1 than those of H275 in the third year.
Discussion
Shallow soil restricts poplar productivity
Root production is an important process driving the acquisition of soil resources and affecting the adaptation of plants to suboptimal soil conditions (Lynch 1995 , Reich 2002 . Shallow soils, often occurring in marginal lands, restrict the rooting depth of trees (Crow 2005) . In this study, we demonstrated that poplar biomass was remarkably decreased on shallow soil (3-to 6-fold initially and more than 10-fold in the 3 rd growth year), indicating that shallow soil drastically hindered both root and shoot formation in poplar plantations. The insufficient moisture storage capacity that usually characterizes shallow soils makes drought stress one of the main threats for poplar plantations (Isebrands & Richardson 2014) . Indeed, we observed an increase in specific leaf area for poplar clones growing on shallow soil, which may represent an adaptation to drought stress, as thicker leaves may have lower transpiration rates (Liu & Stützel 2004 , Hennig et al. 2015 . Moreover, the root:shoot biomass ratio was higher in plants grown on shallow soils, suggesting that they were affected by water shortage (Tab. 1, Fig. 3 ). It was notable that in, contrast to the aforementioned relationships, the specific leaf area iForest 9: 847-854 851
Tab. 3 -Nitrogen uptake rate (g year -1
) of Max1 and H275 on deep soil (-d) and shallow soil (-s). Data are means ± SE (n=5). Different letters in columns indicate significant differences after Student's t-test (p < 0.05). P-values of the two-way ANOVA carried out with factor species (Pspecies), soil depth (Psoil) and the interactions of species and soil depth (Pspecies × soil) are given. Euring of poplars on shallow soil was decreased in the 3 rd growth year. A possible explanation for this unexpected finding is that trees may regulate water and nutrient balance at the whole-plant level. In the 3 rd year, the leaf area of poplars on deep soil was massively increased, while the trees on shallow soil produced only small increments in leaf area compared to the preceding growth phases. Under these conditions, poplars with large total leaf area may also have to cope with water limitations.
In this study, both poplar clones exhibited a decreased survival in the shallow soil area of the plantation. The shallow soil effect was strongest in the third growth year, resulting in the increased mortality of both clones (Fig. 2) . The survival of H275 on shallow soil was much lower than that of Max1, especially in the 3 rd year after planting (Fig. 2) . The difference in stress resistance of hybrid poplars Max1 and H275 may be explained by different origins of their parents, P. maximowiczii, P. trichocarpa and P. nigra. In fact, P. maximowiczii, which is a common parent of both hybrids, is naturally distributed along the Pacific coast of eastern Asia (China, Korea, and Japan -Isebrands & Richardson 2014). P. trichocarpa is natively found along rivers and streams of western North America, and may be sensitive to water limitation (Street et al. 2006 , Bogeat-Triboulot et al. 2007 , Isebrands & Richardson 2014 . P. nigra is native to Europe and can be found in riparian habitats as well as in arid regions (Thieret 1982 , Khamzina et al. 2006 ). P. nigra shows a wide range of adaptive mechanisms in response to drought, which is probably caused by its genomic plasticity (Viger & Taylor 2012) . Poplar hybrids with P. nigra as parent have proven to be more resistant to drought than those having P. trichocarpa as parent (Tschaplinski et al. 1998) . Accordingly, we found that Max1 (P. nigra × P. maximowiczii) was more tolerant to shallow soil stress than H275, which originated from crossing P. trichocarpa and P. maximowiczii. It is likely that an important factor contributing to the improved performance of Max1 under shallow soil stress was a higher drought adaptability of this clone as compared with H275.
Decreases in wood nitrogen use efficiency as an adaptation to soil constraints
Max1 showed significantly higher N uptake rate than H275 in the 3 rd year (Tab. 3). It has been reported that the rate of N uptake of poplars can vary during plant development as well as between poplar species and sites (McLaughlin et al. 1987 , Pregitzer et al. 1990 , Miller & Hawkins 2003 . N uptake of poplars is adjusted by molecular regulation of nitrate transporters and by N metabolism in response to different environmental conditions (Ehlting et al. 2007 , Li et al. 2012 , Bai et al. 2013 . Furthermore, several studies reported that droughtstress related genes are significantly regulated at the transcription level by N fertilization or starvation (Euring et al. 2014 , suggesting that the N metabolism is linked with stress tolerance. This is supported by the finding that poplars overexpressing glutamine synthetase showed higher N uptake rates and higher drought tolerance than wild-type plants (Molina-Rueda & Kirby 2015) . Therefore, the higher N uptake and N concentrations in leaf and stem tissues of the clone Max1 found in this study (Tab. 2) may also have contributed to its better adaptation to shallow soil compared to H275.
In general, nutrient use efficiency in plants decrease with increasing soil fertility (Vitousek et al. 1995 , Broeckx et al. 2014 . Our results of the second year agree with this finding, when a higher WNUE was observed for poplar clones grown on shallow soil, but not with the results of the third year of this study. Indeed, there seemed to be a trade-off between biomass production and environmental stress adaptation for nitrogen utilization in the third year. Clone Max1 decreased its nitrogen usage for wood (WNUE) and whole plant biomass production (NUE) on shallow soil, while H275 decreased only WNUE on shallow soil. These findings indicate that the acquisition of N was relatively higher than biomass production in Max1, which may have contributed to its better performances under shallow soil stress compared with H275.
A trade-off between NUE and water use efficiency (WUE) within species has been demonstrated in many studies (Field et al. 1983 , Lajtha & Whitford 1989 , Patterson et al. 1997 , Sadras & Rodriguez 2010 , Broeckx et al. 2014 ). For example, Broeckx et al. (2014) showed that a trade-off between intrinsic water use efficiency and photosynthetic N use efficiency existed among six poplar genotypes, but only when soil water availability was restricted. Considering that drought stress was likely an important limiting factor on shallow soil, the variation in WNUE or NUE might be related to differences in water availability among different years. Overall, Max1 exhibited higher growth and lower NUE and WNUE than H275 in the third year, when the mortality of H275 was high. Our results suggest that the high capacity of N acquisition was combined with higher stress tolerance in the clone Max1, thereby this genotype is more suitable for growth on marginal land. However, the total biomass yield of both clones was low at the study site compared with the expected mean yield of 10 tons ha -1 y -1 (Liesebach et al. 1999) . Therefore, genotypes that can produce reasonable yields under the study conditions still have to be identified. Nonetheless, it should be noted that these genotypes have substantial beneficial economic and ecological effects on arable soil, as they also contribute to prevent N leaching (Bredemeier et al. 2015) .
Conclusions
In conclusion, we demonstrated that soil depth was an important factor limiting the growth, biomass production and survival of the studied poplar clones. Max1 and H275 showed different adaptation to soil depth constraints, the former showing higher survival and nitrogen concentrations than the latter. Enhanced N uptake may positively affect water usage during dry season. In the context of global change, understanding the mechanism of adaptation to environmental changes is needed to design more efficient and watersaving poplar cropping systems. This study contributes to better understanding the consequences of a changing environment on poplar growth and species adaptation. The comparison between the performance of clones H275 and Max1 suggest that the decrease in nitrogen use efficiency is a necessary trade-off to adapt to a stressful environment.
With regard to plantation management, our results show that not only low productivity but also high mortality may impinge on the yield of poplar plantations on marginal land. We demonstrated that the clone H275 was unsuitable for these conditions. Based on our results, testing a wider range of clones with high drought tolerance and an improved ability to form root biomass for their performance on shallow soils is advised. Biotechnological approaches such as protoplast fusion lines may also be a valid alternative to conventional breeding or genetic engineering for achieving more stress tolerant poplar genotypes (Hennig et al. 2015) .
